Purpose To explore the structural features of juvenile X-linked retinoschisis (XLRS) using swept-source-optical coherence tomography (SS-OCT) and optical coherence tomography angiography (OCT-A). Design Retrospective, observational cross-sectional study. Patients and methods Nine patients (18 eyes) diagnosed with juvenile XLRS were included. SS-OCT and OCT-A were used to evaluate the characteristics of the inner/outer retina and the choroid. Results SS-OCT showed that the inner nuclear layer (INL) was the most commonly affected area (16/18 eyes; 89%). No significant differences in central macular thickness (CMT) or subfield choroidal thickness (SFCT) were evidenced between eyes (CMT: 364 μm in the right eye vs 320 μm in the left eye; SFCT: 305 vs 307 μm; P = 0.895). Best-corrected visual acuity (BCVA) did not correlate with CMT (rs = − 0.19; P = 0.445) or SFCT (rs = 0.06; P = 0.795). BCVA was significantly correlated with the following defects: outer plexiform layer (OPL; rs = 0.50; P = 0.036); external limiting membrane (ELM; rs = 0.65; P = 0.003); ellipsoid portion of inner segment (EPIS; rs = 0.67; P = 0.002); and the cone outer segment tips (COST; rs = 0.69; P = 0.001). Schisis at the INL revealed a spoke-like pattern in the foveal region and a reticular pattern in the parafoveal region on en-face imaging. In cases in which the schisis affected the OPL, multiple polygonal hyporeflective cavities were observed in the foveal region. Conclusions The hyporeflective spaces on SS-OCT were primarily located at the INL and OPL. BCVA did not correlate with CMT or SFCT; however, ELM, EPIS, and COST defects were significantly correlated with worse BCVA. There was a positive correlation between age and SFCT.
Introduction
X-linked juvenile retinoschisis (XLRS) is a rare inherited degenerative disease affecting almost exclusively males. The estimated prevalence ranges from 1 in 5000 to 1 in 20 000. 1 XLRS is linked to mutations in the RS1 gene located at Xp22. 2, 3 Previous reports have evaluated the splitting of the ganglion cell and nuclear layers in patients with XLRS using optical coherence tomography (OCT). External limiting membrane (ELM), ellipsoid portion of the inner segments (EPIS)/inner segment outer segment junction line, cones outer segment tips line (COST)/ interdigitation zone, and choroidal thickness have been also evaluated to explain the progressive visual loss in these patients. [4] [5] [6] [7] However, the evaluation of inner/outer retina and choroid characteristics with the use of newer technologies as swept-source (SS-OCT) and OCT angiography (OCT-A) is very limited. SS-OCT provides faster and higher-quality scans than conventional spectral domain OCT, and these advantages allow to obtain useful information to understand better an uncommon disease as XLRS.
The purpose of this study was to evaluate the features of the inner/outer retina and the choroid in XLRS patients using SS-OCT and OCT-A.
Materials and methods

Study design
This was a retrospective, observational cross-sectional study. The study was approved by the Institutional Ethics Committee and Review Board at Sant Joan de Deu Hospital (Barcelona, Spain).
Patient selection was performed by reviewing the clinical records of patients with a confirmed diagnosis of XLRS (retinoschisis gene (RS1) mutation) at Sant Joan de Deu Hospital between January 2000 and September 2010. Eighteen eyes (nine patients) were included in the study. The following variables were recorded: age; bestcorrected visual acuity (BCVA) measured in Snellen 20-feet with conversion to the logarithm of minimum angle of resolution (logMAR), and spherical equivalent. All eyes included had not been treated by any complication of the disease for at least during a year before performing both SS-OCT and OCT-A. The images of each patient were taken in the last visit.
OCT measurements
OCT scans were obtained with the Triton SS-OCT (Topcon Corporation, Tokyo, Japan). OCT-A 4.5 × 4.5 and 6 × 6 mm, three-dimension OCT macular cube, and 12 radial B-Scan were performed in all eyes with XLRS. Retinal and choroidal thickness were automatically calculated and presented as a topographic map with nine subfields as defined by the Early Treatment Diabetic Retinopathy Study (ETDRS)-style grid. The nine automatically calculated ETDRS subfields included the following: central subfield thickness (defined as central macular thickness (CMT) for retina and subfield choroidal thickness for choroid) in the inner ring; nasal parafoveal; superior parafoveal; temporal parafoveal; inferior parafoveal; nasal perifoveal; superior perifoveal; temporal perifoveal; and inferior perifoveal, which were surrounded by rings 1, 3, and 6 mm in diameter.
The OCT software program segments the retina by delineating the boundary between the internal limiting membrane and the retinal pigment epithelium (RPE) layers. Choroidal thickness is defined as the thickness from Bruch's membrane to the inner scleral border. The automated scans were reviewed and any inaccuracies were corrected manually. All measurements were performed at the same time of day.
Schisis in the retinal nerve fiber layer, ganglion cell layer (GCL), inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL) were evaluated using vertical and horizontal central SS-OCT and en-face OCT. Multiple en-face OCT images were obtained according to the segmentation level and to the presence of schisis cavities (GCL, INL, OPL, and ONL).
Abnormalities in the outer retinal layers, including the ELM, EPIS, and COST lines, were also checked using vertical and horizontal central SS-OCT scans.
Statistical analysis
We obtained all measurements for statistical analysis from the last visit (cross-sectional study). The clinical and demographic data for patients were obtained from a database file and subsequently exported to the IBM SPSS Statistics (v. 23.0) program for Windows (SPSS Inc., Chicago, IL, USA). Descriptive analysis was performed, and measures of central tendency (mean and median) and dispersion (SD and range) were determined, as appropriate depending of the distribution of the variable (Shapiro-Wilk test). The Mann-Whitney U-test was used to compare medians (spherical equivalent, and macular and choroidal thicknesses) between the right (OD) and left eyes (OS). Correlations between BCVA (logMAR) and CMT, subfoveal choroidal thickness (SFCT), GCL, INL, OPL, ONL, ELM, EPIS, and COST were assessed by the Rho Spearman's rank correlation test. Spearman's test was also used to determine correlation between CMT, SFCT, and age, and spherical equivalent with SFCT. Values of P ≤ 0.05 were considered statistically significant. Table 1 ).
Results
XLRS
No differences in logMAR BCVA were observed between OD (median 1.0; range 0.0-1.4) and OS (median 0.5; range 0.2-1.0; P = 0.980; Table 1 ). In 16 eyes (89%), both foveoschisis and peripheral retinoschisis were present. Peripheral retinoschisis without foveoschisis was observed in one eye (5.5%) and foveoschisis without peripheral involvement in one eye.
No differences between the eyes in terms of CMT and SFCT were evidenced: 364 μm in OD vs 320 μm in OS for CMT and 305 vs 307 μm for SFCT (P = 0.895 for both measurements; Table 1 ). We also evaluated retinal and choroidal thicknesses in the parafoveal (nasal, temporal, superior, and inferior) and perifoveal (nasal, temporal, superior, and inferior) zones (Table 2 ). SFCT and age were positively correlated (rs = 0.663; P = 0.003); however, SFCT and the spherical equivalent were not correlated (rs = 0.319; P = 0.197).
BCVA (logMAR) was not correlated with CMT (rs = − 0.19; P = 0.445) or SFCT (rs = 0.06; P = 0.795). However, BCVA (logMAR) was significantly correlated with defects Swept-source and optical coherence tomography angiography in XLRS N Padrón-Pérez et al at the OPL (rs = 0.50; P = 0.036), ELM (rs = 0.65; P = 0.003), EPIS (rs = 0.67; P = 0.002), and COST (rs = 0.69; P = 0.001). During follow-up, three patients presented macula-off and peripheral retinal detachments (OD in case No. 2 and No. 5, and OS in case No. 8), which were treated with 23-gauge pars plana vitrectomy (PPV) and silicon oil tamponade. Although in these cases the macula was affected, both SS-OCT and OCT-A were performed after silicone oil removal. Case No. 1 developed significant macular and choroidal atrophy in both eyes.
SS-OCT showed that the most commonly affected layer was the INL (16 eyes, 89%), followed by the OPL (13 eyes, 72%) and ELM (13 eyes, 72%). Schisis in GCL was present in only 2 eyes (17%). The OCT characteristics of the eyes are presented in Table 3 .
The SS-OCT showed a spoke-like pattern on en-face mode in all XLRS eyes with foveal schisis at INL and a reticular pattern in the parafoveal region (Figures 1 and  2 ). When the segmentation was performed at the OPL, enface OCT images showed multiple polygonal hyporeflective cavities in the foveal region with hyperreflective partitions in the parafoveal region ( Figure 2 ). OCT-A did not reveal significant findings. The presence of multiple hyporeflective spaces at the INL 
Discussion
We assessed the features of the inner/outer retina and the choroid in XLRS patients. Our main findings were that BCVA did not correlate with either CMT or SFCT in these patients. These results are consistent with previous reports indicating that BCVA remains stable if no secondary event (vitreous hemorrhage or retinal detachment) occurs. [8] [9] [10] However, a recent study found that increased inner retinal foveal thickness and decreased perifoveal inner retinal thickness correlate with worse BCVA. 7 In two previous pathology-based studies, inner retinal abnormalities were the most common finding in XLRS. 11, 12 However, other studies have shown that outer retinal abnormalities are also prevalent in this disorder. 4, 6, 7, 9, 10 Our findings support the results of these previous reports. We found that the main manifestations of schisis were at the INL (89%), OPL (72%), and ONL (61%). GCL was affected in only 17% of eyes. Our findings closely parallel those reported by Andreoli et al, 7 who found that schisis affected the INL and OPL, respectively, in 85% and 61% of cases.
On SS-OCT, ELM and EPIS defects were present in more than two-thirds of eyes (72% and 67%, respectively), while COST defects were observed in just over half (55%) of the eyes. Damage in the outer retinal layers-mainly ELM, EPIS, and COST-correlated significantly with worse BCVA. Menke et al 5 observed that retinal morphologic changes assessed with OCT did not correlate with BCVA; however, an important limitation of that study was the use of time-domain OCT for retinal imaging. Several studies have reported that abnormalities in the outer retinal layers occurring in various different scenarios (eg, epiretinal membrane, retinal detachment, and macular hole surgery) correlate significantly with worse visual acuity. [13] [14] [15] [16] To our knowledge this is the first report to evaluate retinal and choroidal thicknesses in patients with XLRS using the topographic map with nine subfields as defined by the ETDRS-style grid. We found that retinal and choroidal thicknesses did not differ significantly between the right and left eyes. Previous studies have described progressive changes in foveal thickness over time. 10, 17, 18 Older patients tend to have fewer cystic changes and more frequently present an atrophic, hyperreflective appearance in OCT images. In advanced stages, the schisis collapses completely and intraretinal cysts disappear. 5 Apparently, the retina may remain structurally stable in adolescence and atrophy may not appear until decades later. 8, 10 The median SFCT values were 305 μm in OD and 307 μm in OS in our sample (median age, 13 years). By comparison, Yang et al 19 reported a median SFCT of 358 μm (median age, 7.5 years; range 5-11), which was Swept-source and optical coherence tomography angiography in XLRS N Padrón-Pérez et al 35 μm thicker in eyes with XLRS compared to control eyes; however, this difference was not statistically significant (P = 0.084). Hu et al 10 described similar findings with respect to the SFCT (mean, 351.4 μm).
Although the median SFCT values in our study were lower than previous reports, most of the eyes (4 60%) presented SFCT values 4300 μm. In addition, three of the eyes in our study with SFCT o300 μm had developed a retinal detachment requiring PPV. Several studies report that SFCT may change after vitrectomy for epiretinal membrane, macular hole, and rhegmatogenous retinal detachment. [20] [21] [22] In our study, the superior parafoveal, temporal parafoveal, and temporal perifoveal zones were the thickest quadrants in patients with XLRS, although without statistically significant differences comparing similar zones between eyes. Several studies conducted in healthy children have shown that the thickest choroid is located in the superior-temporal location and the thinnest in the inferior-nasal areas. [23] [24] [25] [26] [27] [28] We found a significant positive correlation between age and SFCT in these patients. This same positive correlation between SFCT and age has also been reported in healthy children. 23, [27] [28] [29] By contrast, however, other authors have reported that the choroid becomes thinner with age in healthy children. 25, 30, 31 The reasons for these discrepancies are not clear and more research is needed to elucidate the true association between choroidal thickness and age in XLRS.
We found no correlation between the spherical equivalent and SFCT. In our study, we decided to use patients' spherical equivalent instead of axial length (AL) determinations because this value is more convenient to obtain. The dependence of choroidal thickness on AL has been evaluated previously. 24, [28] [29] [30] Read et al 29 reported that SFCT was thinner in the eyes of myopic vs nonmyopic children. By contrast, Park and Oh 24 did not find a statistically significant correlation between central SFCT and AL.
On the images obtained on en-face OCT, we observed a spoke-like pattern in the foveal region as result of hyporeflective spaces at the INL and a reticular pattern in the parafoveal region. When the segmentation is performed at the level of OPL, we observed multiple polygonal hyporeflective cavities in the foveal region with hyperreflective partitions in the parafoveal region. We did not observe any characteristic pattern at the GCL on enface OCT; we had only two eyes with schisis at this level, but not extensive enough to evidence significant abnormalities. Yoshida-Uemura et al 32 recently described (on SS-OCT) different schisis patterns in the various retinal layers; these patterns are highly consistent with our findings. Those authors observed several hyporeflective holes in the parafoveal zone in the GCL, a spoke-like pattern in the foveal region with a reticular pattern in the parafoveal zone when the segmentation was applied at INL. The schisis pattern at the OPL revealed multiple hyporeflective polygonal cavities in the foveal region with hyperreflective partitions in the parafoveal region in the OPL. These different patterns might be explained by variations in the distribution of cells in each retinal layer in the foveal and parafoveal regions, including bipolar, amacrine, horizontal, and Müller cells.
On OCT-A, some irregularities were seen at the superficial and deep vascular plexus (more prominent) )   17  89  72  61  72  67  55 Abbreviations: COST, cones outer segment tips line; EPIS, ellipsoid portion of the inner segments; GCL, ganglion cell layer; INL, inner nuclear layer; OD, right eye; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, left eye; RNFL, retinal nerve fiber layer.
Swept-source and optical coherence tomography angiography in XLRS N Padrón-Pérez et al due to the presence of schisis at the INL. OCT angiograms showed petaloid non-reflective areas located predominantly at the level of the deep vascular plexus and microvascular alterations similar to telangiectasia were observed in perifoveal area. Vascular alterations have been described in patients with XLRS, including Coats disease-like exudative retinopathy, dendritiform vessels in the retinal periphery, and perivascular sheathing. 33 The analysis of the choriocapillaris did not evidence characteristics of any known vascular disorders. Stanga et al 34 have described the same petaloid pattern inside of the deep vascular plexus and perifoveal microvascular changes on OCT-A. They also reported areas of hypo-and hyper-reflectivity at the level of choriocapillaris that were not associated with any other vascular disorder but might be attributed to alterations in OCT-A signal due to RPE irregularities. OCT-A is a promising, safe, non-invasive, and shortacquisition-time new technique that may be useful for the examination of the retinal and choroidal vasculature in children who are old enough to cooperate. Before the OCT-A, the only way to get information about the retinal and choroidal vessels had been the fluorescein angiography (FA) and indocyanine angiography (ICG), respectively. In cases of XLRS, the cystic-like spaces do not show hyperfluorescence when performing FA. By contrast, ICG demonstrates the cystic-like spaces, although this modality is more invasive than OCT-A. A distinct pattern (hyperfluorescent stellate) in the macular area associated with radial lines of hypofluorescence can be observed on the early phase of ICG. 35 
Strengths and limitations
One of the main strengths of this study is the use of new technologies (SS-OCT and OCT-A) to describe tomographic features in patients with XLRS. The main limitations are the retrospective design and lack of a control group. Moreover, because this was not a longitudinal study, we were unable to determine retinal changes in patients over time. Finally, the sample size was small but given the rarity of XLRS, obtaining larger samples is difficult. 
Eye
Conclusions
The hyporeflective spaces on SS-OCT were mainly observed at the INL and OPL. Although BCVA did not correlate with CMT and SFCT; ELM, EPIS, and COST defects were significantly correlated with worse BCVA. Retinal and choroidal thicknesses were not significantly different between eyes. The superior parafoveal, temporal parafoveal, and temporal perifoveal choroidal zones were the thickest quadrants. There was a positive correlation between age and SFCT. A spoke-like pattern in the foveal region and a reticular pattern in the parafoveal region were observed on en-face OCT when segmentation was performed at INL. In eyes in which schisis affected the OPL, multiple polygonal hyporeflective cavities were seen in the foveal region and hyperreflective partitions in the parafoveal region. SS-OCT and OCT-A are newer technologies that should be used routinely in patients with XLRS, the evaluation of inner/outer retina and choroid provide useful information that allow to understand better this uncommon disease.
Summary
What was known before K Previous reports have evaluated the splitting of the ganglion cell and nuclear layers in patients with XLRS using optical coherence tomography (OCT). External limiting membrane, ellipsoid portion of the inner segments/inner segment outer segment junction line, cones outer segment tips line/interdigitation zone, and choroidal thickness have been also evaluated to explain the progressive visual loss in these patients. However, the evaluation of inner/outer retina and choroid characteristics with the use of newer technologies as swept-source (SS-OCT) and OCT angiography is very limited. SS-OCT provides faster and higher-quality scans than conventional spectral domain OCT and these advantages allow to obtain useful information to understand better an uncommon disease as XLRS.
What this study adds K The hyporeflective spaces on SS-OCT were mainly observed at the INL and OPL. Although BCVA did not correlate with CMT and SFCT; ELM, EPIS, and COST defects were significantly correlated with worse BCVA. The superior parafoveal, temporal parafoveal, and temporal perifoveal choroidal zones were the thickest quadrants. There was a positive correlation between age and SFCT. A spoke-like pattern in the foveal region and a reticular pattern in the parafoveal region were observed on en-face OCT when segmentation was performed at INL. In eyes in which schisis affected the OPL, multiple polygonal hyporeflective cavities were seen in the foveal region and hyperreflective partitions in the parafoveal region. OCT angiography showed petaloid non-reflective areas located predominantly at the level of the deep vascular plexus and microvascular alterations similar to telangiectasia were observed in perifoveal area. The analysis of the choriocapillaris, and Sattler's and Haller's layers did not reveal findings of interest.
